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HEAT TRANSFER IN A 60" HALF-ANGLE OF CONVERGENCE 

NOZZLE WITH VARIOUS DEGREES OF ROUGHNESS 

by M e y e r  Reshotko, Donald R. Boldman, and Robert C. Eh le rs  

Lewis Research Center  

SUMMARY 

An experimental study was conducted to determine the effects of various degrees of 
sur face  roughness on heat t ransfer  in a converging-diverging nozzle. The 60'- 15' half- 
angle nozzle was  roughened by a sandblasting technique to three levels of roughness: 120, 
175, and 325 r m s  (305X10-6, 445X10-6, and 826X10-6 cm rms) .  At each roughness level 
nearly an  order  of magnitude range in Reynolds number was obtained by varying the 
stagnation pressure  f rom 30 to 300 psia (20.7 to 206.9 N/cm ). 
range at the throat station varied from 6x10 to 5x10 . However, the stagnation temper- 
a ture  was always the same at a nominal value of 970' R (538 K). These operating condi- 
tions made it possible to obtain heat t ransfer  in the turbulent, transition, and laminari-  
zation regimes.  

2 The Reynolds number 
5 6 

The resul ts  show the following: 
(1) Roughness causes transit ion from laminarized flow to take place at a lower 

(2) In the laminarization regime,  heat t ransfer  i s  unaffected by roughness. 
(3) In the turbulent regime, the heat t ransfer  is not noticeably affected by roughness 

Reynolds number than that fo r  a smooth wall. 

until the roughness height is in the region of or  greater  than the approximated sublayer 
height. 

(4) An adiabatic inlet causes grea te r  nozzle heat t ransfer  than a cooled inlet for  all 
values of roughness. 

INTROD U CTI ON 

In a rocket nozzle it is desirable to minimize the propellant-gas to nozzle-wall heat 
t ransfer  to obtain high thrust  efficiency. The resul ts  of ra ther  extensive studies of gas 
to wall heat t ransfer  in a smooth wall rocket-type nozzle have been presented in refer- 



ences 1 to 4. However, in these references little consideration was given to the effects 
of the wall surface finish on the nozzle heat t ransfer .  The purpose of this  report  is to 
experimentally determine the effects of various degrees  of surface roughness on the heat 
t ransfer  in a rocket-type nozzle. 

what rougher than that of the smooth wall nozzles of references 1 to 4. Furthermore,  
af ter  long periods of operation a t  high temperatures  the walls of most  nozzles become 
rougher due to erosion and oxidation. 
t ions concerning the applicability of the smooth wall heat-transfer resul ts  to a rocket 
nozzle. 
which provides insulation between the hot propellant gas and the cooled wall. A know- 
ledge of the effects of roughness on the heat t ransfer  is necessary to determine whether 
the reduction due to the insulation is offset by an increase in heat t ransfer  resulting from 
the rougher surface.  In all of these cases  acceleration causes a thinning of the boundary 
layer whereas roughness causes an  increase in the surface height. 

In order  to obtain an understanding of the heat-transfer effects of roughness in accel- 
erated flow, one can f i r s t  consider independently the behavior of heat t ransfer  in nozzles 
(accelerated flow) with smooth wa l l s ,  and heat t ransfer  in pipes (nonaccelerated flow) 
with rough walls. 
heat transfer in accelerated flow differs considerably from that predicted by unacceler- 
a ted flow theory and experiment. In accelerated flow there  are two distinct regimes of 
heat-transfer ra te  that a r e  both less than that of conventional turbulent pipe flow. The 
high Reynolds number regime represents  turbulent heat t ransfer  for  accelerated flows 
and the low Reynolds number regime suggests a laminarization phenomenon. The lamin- 
arization depends on the flow acceleration and is fur ther  discussed in reference 5. 

in unaccelerated flow, mainly pipe flow. The surfaces  were roughened for either one of 
two reasons: (1) to simulate a naturally rough surface,  o r  (2) to enhance the heat t rans-  
fer between the fluid and pipe wall. All of the experimental investigators ( refs .  6 to 9) 
found that increased wall roughness increased the heat t ransfer ,  in one case by a factor 
of three.  However, in all cases  there  was a corresponding increase in pressure  drop 
such that the benefit of increased heat t ransfer  was overshadowed by the penalty in pres-  
s u r e  drop. Various types of surface roughness configurations were used on the inner 
pipe walls. One of the f i r s t  to artificially roughen a pipe was Nikuradse (ref.  10) who 
glued sand to the inside of the pipe. Cope (ref.  6) used an  internally knurled pipe, Sams 
(ref.  7) used circular  tubes having internal square threads,  and Nunner (ref. 9) obtained 
his roughness by using springy split ring tubes se t  apart  a t  equal distances inside the 
pipe. Although this is only a partial  l ist  of the investigators it covers a wide variety of 
the roughness configurations. 

In the majority of present day chemical rockets,  the nozzle surface finish is some- 

These differences in surface finish introduce ques- 

Another source of roughness in certain rocket nozzles is a ceramic  coating 

The heat-transfer studies of references 1 to 4 have shown that the 

A great deal of work has been done studying the effects of roughness on heat t ransfer  

This report  is an  experimental study of the effects of various degrees of surface 
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roughness on heat t ransfer  in a converging-diverging nozzle. Air  a t  a stagnation temper- 
a ture  of 970' R (538 K) was used as the working fluid. The pressure  w a s  varied from 
30 to 300 psia (20.7 to 206.9 N/cm ) yielding a n  order  of magnitude range in Reynolds 
number a t  each station. The Reynolds number range a t  the throat station w a s  6x10 to 
5X106. The 60 -15 half-angle nozzle was roughened by a sandblasting technique to three 
levels of roughness: 120, 175, and 325 r m s  (305X10-6, 445X10-6, and 826X10-6 cm rms) .  
Both a cooled and an adiabatic inlet each having smooth walls were used to determine the 
effects of the thermal  history of the fluid on the nozzle heat t ransfer .  

2 
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SYMBOLS 

A cross-sectional area 

C1, C2, C3  constants 

skin friction cf 
D local diameter 

e roughness height 

gravitational constant gC 
h heat-transfer coefficient 

i enthalpy 

P pressure  

Pr Prandtl number 

9 local heat flux 

Re Reynolds number 

T total temperature 

t s ta t ic  temperature  

U velocity in axial  direction 

U* shear  velocity, i- 
U+ nondimensional velocity, u/u* 

X 

Y 

Y 

axial coordinate measured from nozzle throat 

distance along heat-flux me te r  measured from gas-side wall 

distance normal to the wall 
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y+ 

P 
A 

P dynamic viscosity 

P gas density 

7 shea r  stress 

cp 

Subscripts : 

nondimensional distance normal to the wall 

angular position of nozzle instrumentation 

thickness of thermal  boundary layer 

energy thickness of boundary layer 

ad  

D 

e 

i 

m 

ref 

S 

t 

W 

cp 

0 

00 

adiabatic wall condition 

based on diameter 

evaluated at edge of boundary layer 

based on enthalpy 

heat flux meter  

reference condition 

s ta t ic  condition 

throat 

wall condition 

based on energy thickness 

stagnation condition 

f ree-s t ream condition 

A P PARATUS 

The experimental apparatus,  shown in figure 1, comprised a heat exchanger, dif- 
fuser ,  plenum, cylindrical inlet, t es t  nozzle , and exhaust system. Uncooled- (adiabatic- 
wall) and cooled-wall pipe inlets having inside diameters  of 6. 5 inches (16.5 cm) were 
coupled to a 60' half-angle of convergence by 15' half-angle of divergence (60'-15' 
converging-diverging) water-cooled nozzle. These inlets will hereinafter be re fer red  to 
as simply the adiabatic or  cooled inlets,  respectively. 
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c High-pressure a i r  h- - - - A  

Bypass bleed 
flow control  

, -Cool ing water L W h i t e  gas valve -, 
fuel-air  Plenum 14-in. 
m ix tu re  

0 Al t i tude exhaust 

Al t i tude 
exhaust 

~ 6 ft 
(1.83 m) 

Figure 1. - Schematic diagram of nozzle heat-transfer facility. 

Inlets 

The adiabatic and cooled inlets had total lengths of 17.0 and 37.6 inches (43.2 and 
95. 5 cm), respectively. The plenum boundary layer bleed flow was  adjusted to initiate 
the velocity boundary layer at this leading edge of the inlets. 
developed over a length of 24.2  inches (61.5 cm) in the cooled inlet. In tes t s  with the 
adiabatic inlet the thermal  layer s ta r ted  to develop at the nozzle entrance.  Details con- 
cerning the mater ia ls  and fabrication of the adiabatic and cooled inlets can be obtained 
from references 2 and 5, respectively. 

The thermal boundary layer 

Nozzle 

The water-cooled nozzle is shown in figure 2. This nozzle h cl a nominal throat 
diameter and radius of curvature of 1 .5  inches ( 3 . 8  cm). The nozzle had a contraction 
area ratio of 18.8 and expansion a r e a  ratio of 3.3 (Mach 2.7).  The nozzle was  machined 
from an  AIS1 304 stainless s tee l  forged billet. Water was directed over the outside of the 
0.5 inch (1.27 cm) thick wall by means of Lucite shrouds. 
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14.663 
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3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
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-1.752 
-1.635 
-1.515 
- 1.206 
-1.020 
-. 581 
-. 146 
0 0  
.150 
.277 
.400 
.622 

1.209 
~ 

6.5 in. (16.5 cm) diam 
cy l indr ica l  in let  

cm 

-5.296 
-4.450 
-4.153 
-3.848 
-3.063 
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-1.476 

-.371 

.381 
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1.016 
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3.071 1 

- .  

- .  ~- 
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Pressurf  
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180 
77 

129 
180 
231 
283 
334 

26 
77 

129 
180 
231 
283 

1.876 I 334 

- 
ieat-f l  ux 
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0 
257 
309 

0 
51 

103 
154 
206 
257 
309 

0 
51 

103 
154 

CX- 
Diameter, D 

in. 

5. 740 
4.584 
4.178 
3.762 
2.732 
2.309 
1.736 
1.516 
1.499 
1. 521 

.. 565 

.. 623 
.741 
'. 053 1 

cm 

14.580 
11.643 
LO. 612 
9.555 
6.939 
5.865 
4.409 
3.851 
3.807 
3.863 
3.975 
4.122 
4.422 
5.215 

. -. 

0 

Figure 2. - Instrumentat ion for 60"-15" nozzle. 

INSTRUMENTATION 

Local heat-transfer ra tes  and wall static pressures  were measured a t  stations 2 to 
15 in the nozzle as noted in figure 2.  Nozzle wall temperatures  were calculated at these 
stations. 

Static Pressures 

Nozzle wall s ta t ic  pressure  taps  having a diameter of 0.031 inch (0.079 cm) were 
coupled to manometers containing mercury and dibutyl phthalate. These particular 
fluids were selected to provide good sensitivity throughout the ent i re  Mach number range 
of the nozzle. Manometer reference pressures  were measured with Bourdon tube gages. 
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Fluid temperature corrections w e r e  applied in the reduction of the manometer data. The 
ratios of s ta t ic  to total p ressure  at each station have been presented for  smooth wall  
t es t s  in reference 2. These pressure  ratios are also applicable to the present study in 
which the wall of the nozzle was artificially roughened. 

Heat-Flux Me te r  

Steady-state measurements of the gas-side wall temperature and local heat-transfer 
ra tes  were obtained by means of an Inconel plug-type heat-flux meter  shown in figure 3. 

y Butt-welded 0.003-in. (0.008-cm) 
I Chromel-Alumel thermocouple wires 

,-Air void Thermocouple / . .  , 

I: D-9120 _ _  ' ILO. 125 in. '< 0.1 in. (0.25 cm) P u s h  fit -I 
(0.318 cm) nominal  

Figure 3. - Inconel heat-flux meter. 

Three Chromel-Alumel 0.003-inch (0.008-cm) wire thermocouples were spot-welded to 
the 0.125-inch diameter (0.318-cm-diam.) Inconel plug. 
spacing of 0 . 1  inch (0.25 cm) w a s  determined to the nearest  0.001 inch (0.003 cm) by a 
microscope. The me te r s  were installed with a push fit a t  the gas side of the nozzle and 
were sealed at the water-cooled side by means of an O-ring. The air column surrounding 
the plug provided the thermal  insulation necessary for one-dimensional heat conduction 
through the shaft. Each heat-flux meter  was located 180' from the s ta t ic  pressure tap 
at a given station. The relative orientation of the heat me te r s  and pressure taps are 
given in the table in figure 2.  

The nominal thermocouple 
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METHOD OF ROUGHENING 

Neither the type of rough surface used by other investigators o r  the methods used to 
obtain them were available to us  in the study of nozzle roughness effects on heat transfer. 
The gluing of sand to the surface as was  done in reference 10 was suitable for  velocity 
profile measurements.  However, for  heat-transfer surveys sand is a very poor mater ia l  
since its thermal  properties are vastly different f rom those of the nozzle wall. Useful 
heat-transfer resul ts  can be obtained only when the nozzle wall is homogeneous in ma- 
terial. Internal square threads,  as used by the author of reference 7 and many others ,  
have the advantage of clearly defined roughness dimensions. Adjusting the width and 
depth of cut defines quantitatively the roughness height and pitch. However, for  the pur- 
poses of this report ,  th is  type of roughness is unacceptable. We a r e  interested in a 
l lnaturalf l  type of roughness where the peaks and valleys are connected by a gradual slope 
rather  than a vertical  face.  Second, it would be very difficult to machine the nozzle, and 
third it would ruin all the instrumentation that is built into the nozzle wall. 

The nozzle wall roughnesses used in this study were obtained by a sand o r  gr i t  blast- 
ing technique. This method left a naturally rough surface with minimal damage to  the 
instrumentation. The range of roughness levels was obtained by varying the s ize  and 
mater ia l  of the abrasive and the blasting pressure .  
entire nozzle surface is obtained when the sandblasting nozzle is perpendicular to the 
surface being roughened. However, because of the relatively large s i ze  of the blasting 
nozzle and the convergence and divergence angles of the tes t  nozzle this was not easily 
attained. 
face. 
(305X10-6 cm rms) .  

square value of surface height. 
The range of roughness in the nozzle was within rtl0 percent of the nominal value. 

The most uniform roughening of the 

Figure 4(a) shows the converging section of the 60' nozzle with a smooth su r -  
Figure 4(b) is a closeup of the same nozzle after it has been roughened to 120 r m s  

The roughened surface was measured with a roughness me te r  giving a root mean 
The roughness cutoff width was 0.030 inch (0.762 mm).  

DATA REDUCTION 

The local heat flux q was computed from the observed temperature  gradient in the 
heat-flux meters .  
equation which can be integrated to yield 

This temperature gradient is described by the Fourier conduction 

-qY = C1tm 2 + Catm + c3 

a 



C-66-172 .I"..- 

(a) Smooth surface. (b) Surface roughness, 120 rms ( M ~ x I O - ~  c m  rms). 

Figure 4. - Converging section of a 60" half-angle of convergence nozzle. 

The constants C1 and C2 were determined f rom a thermal-conductivity calibration of 
the Inconel specimen which was used to fabricate the heat-flux meters .  
C1 and C2 a r e  given in reference 2.  The unknowns q and C3 were determined from 
the simultaneous solution of two equations containing the measured temperature tm and 
the corresponding thermocouple location Y at  two of the three measuring stations on the 
heat-flux meter .  The wall  temperature was computed by setting Y = 0. 

The heat-flux e r r o r  considerations discussed in references 2 and 5 a r e  also appli- 
cable to the present study. The principal e r r o r  in the measured heat flux is associated 
with the air gap surrounding the heat-flux meter .  This air gap effect tends to increase 
the measured heat flux through local distortion of the wall  temperature distribution 
(ref. 11). However, in reference 5 it was concluded that corrections to the one- 
dimensional heat-flux measurements were unnecessary. The e r r o r  in heat flux is ex- 
pected to be within 10 percent of the measured value. 

The nozzle heat t ransfer  is presented in t e r m s  of the heat-transfer coefficient hi as 
well as the nondimensional parameter Strefpro'  '. The distributions of the heat-transfer 
coefficient a r e  presented as functions of the axial distance x,  whereas the StrefPr  0 .7  

The values of 
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grouping is given as a function of Reynolds number based on local diameter ReD, ref. 
The heat-transfer coefficient is given by 

where the adiabatic enthalpy was calculated from 

iad = is + pr1/3(i0 - is) 

The nondimensional heat-transfer grouping StrefPro'  is given by 

The Reynolds number based on the local diameter is given by 

A Prandtl  number of 0 . 7 1  was assumed in the previous equations. 
denotes that properties were evaluated a t  a reference enthalpy condition given by 

The subscript ref 

iref = is + 0 .  5(iw - is> + 0 .22  ~ r ~ / ~ ( i ~  - is) 

PROCEDURE 

Tests  were conducted at  stagnation pressures  ranging from about 30 to 300 psia 
(20.7 to 207 N/cm2). The stagnation temperature fo r  all tes t s  was nominally 970' R 
(538 K). The tes ts  were duplicated a t  each value of wal l  roughness to ensure repeat- 
ability of the results.  All temperature data were recorded four t imes by an  automatic 
voltage digitizer and paper tape system in order  to confirm steady-state operation and 
allow for  the averaging of smal l  recording e r r o r s .  Final data processing was  achieved 
by means of a digital computer. 
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RESULTS AND DISCUSSION 

The heat-transfer resul ts  are presented graphically in both a nondimensional and a 
dimensional manner. 
Stanton-Prandtl number grouping St-Pro'  7, whereas the dimensional form of the heat 
t ransfer  is presented in t e r m s  of a heat-transfer coefficient hi. 

a range of Reynolds numbers at each station. The heat t ransfer  (St-Pr a t  each station 
is presented as a function of Reynolds number with the nozzle roughness acting as a pa- 
rameter .  In order  to show the effects of the thermal  history of the fluid pr ior  to entering 
the nozzle, the heat t ransfer  is presented fo r  tes t s  with both adiabatic and cooled inlets. 
The advantage of this particular nondimensional presentation is that it shows the laminar- 
ized and turbulent modes of heat t ransfer  as distinct regions which can be identified by a 
Reynolds number in which the reference dimension is the diameter.  The diameter is 
chosen as a convenient dimension since it is approximately proportional to the boundary 
layer  thickness which, of course,  would be a more  appropriate dimension if it were 
known (e. g. , see ref. 3).  
Reynolds number based on diameter,  but at different stations,  do not necessarily have 
the same heat t ransfer .  

The nondimensional form of the heat t ransfer  i s  given by the 

The plenum pressure  is varied in order  to get different flow ra tes  which in turn give 
0.7) 

Therefore,  it must be remembered that two points at the same 

The heat-transfer coefficient hi is presented as a function of axial distance from the 
nozzle throat for  a given plenum pressure with the nozzle roughness as a parameter .  
This presentation shows the direct  magnitude change in heat-transfer coefficient and i ts  
axial distribution, which is not c lear  from the St-Pro '  against ReD, ref portrayal. 

Stanton-Prandtl Grouping of Heat Transfer 

The variation of S t -Pro '  a t  stations 4, 8, 10, and 13 is shown since they represent  
significant locations in the subsonic, sonic, and supersonic regimes of flow. Information 
on nozzle station location is found in figure 2.  Before presenting the effects of roughness 
on heat t ransfer  in accelerated flow it is worthwhile to review the effects of flow acceler-  
ation on heat t ransfer  for  a smooth surface.  

Heat t ransfer  in a smooth nozzle. - Figure 5(a) shows the experimental heat-transfer 
parameter  with respect to Reynolds number for  a smooth nozzle surface a t  stations 4, 8, 
10, and 13 with a cooled pipe inlet. It also shows the standard pipe-flow type of nozzle 
correlations and an integral method for  predicting heat t ransfer .  
4, 8, and 10 have been presented in reference 5; however, the resul ts  for  station 13 are 
being presented here  for  the f i r s t  t ime. 

The resul ts  for  stations 
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The turbulent correlation 

StrefPro'  = 0.026 ReD, -0.2 ref 

and the laminar correlation 

strefpro. = 0.29 ReD,ref -0 .5  

f rame the resul ts  very well. Although there  now are much better methods of predicting 
nozzle heat t ransfer ,  these correlations represent the upper and lower l imits of the ex- 
perimental resul ts  and will s e rve  as reference levels.  However, they show no compre- 
hension of acceleration o r  fluid thermal  history. 

Predictions based on the integral boundary layer analysis of reference 12, as illus- 
t ra ted by the straight dashed lines of figure 5, represent a considerable improvement over 
the resul ts  based on the previously mentioned correlations.  In this method the heat trans- 
fer is related to  a n  energy thickness c p ,  where 

The Stanton number is expressed as 

" 

This method which takes  acceleration and thermal  history into account predicts the turbu- 
lent heat t ransfer  very well near the throat ( re f .  5). 

Station 4 (fig. 5) is in the subsonic region just downstream of the nozzle inlet. The 
Mach number at this  station is 0 .05  based on the measured s ta t ic  pressure  in conjunction 
with isentropic flow theory. 
that of the turbulent flow correlation. Although acceleration has  s ta r ted  at the nozzle 
inlet, the resulting heat t ransfer  has not been significantly affected. Heat t ransfer  is 
strongly dependent on previous fluid history and in this case the fluid has a long history 
of turbulent flow in the inlet pipe and the change in heat-transfer rate lags the increase 
in fluid velocity. The effects of acceleration on the nozzle heat t ransfer  are more fully 

The heat-transfer parameter  corresponds very closely to 
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pronounced at station 8. This station is located in the subsonic region just upstream of 
the throat. The heat- t ransfer  parameter for  the highest Reynolds number corresponds 
to a turbulent boundary layer (ref. 5). As the Reynolds number decreases ,  St-Pro'  

6 decreases  sharply until ReD,ref = 2x10 , af ter  which it increases  fo r  decreasing 
Reynolds number. Moving downstream to  the geometric throat ,  the resul ts  at station 10 
show much the s a m e  t rends  as were noted a t  station 8; however, there  is one more  data 
point in the high heat-transfer regime corresponding to a turbulent boundary layer.  

When using the coordinates of St-Pro'  7against ReD, ref, two separate  regimes of heat 
t ransfer  emerge with a third regime connecting the two. This was a l so  observed by the 
authors of references 3 to 5. The mode of heat t ransfer  in the upper regime is turbulent. 
In the lower regime the heat t ransfer  reflects a reduction in turbulence commonly called 
laminarization. Although the heat t ransfer  may be close to the values based on the cor- 
relation for  a laminar boundary layer ,  there  is reason to believe the s t ructure  of the 
thermal  boundary layer  remains turbulent fo r  the total  plenum pressures  used in this  
report  (ref.  5). The t e rm laminarization may not be a n  appropriate description of this 
phenomenon, but since it is used frequently in the l i terature  it is used in this report  to 
mean reduced turbulence. The heat-transfer regime connecting the upper and lower re- 
gimes obviously corresponds to a transition phenomenon. 

(station 13) is s imi la r  to that observed in the throat region (station 8 and 10). 
way to compare the stations to each other is to s ta r t  a t  the nozzle entrance and move 
downstream in the nozzle. At station 4 the heat-transfer parameters  are all in the tur -  
bulent mode. Downstream a t  station 8 where the acceleration is a maximum the heat- 
t ransfer  mode is turbulent at the high Reynolds number and goes through transition to 
laminarization as ReD, ref decreases .  At station 10, as the flow acceleration decreases ,  
there  a r e  fewer points in the laminarization regime and more  in the turbulent. Transi- 
tion to the turbulent regime occurs  a t  a lower Reynolds number than a t  station 8. At 
station 13, a fur ther  decrease in acceleration rate  causes the turbulent heat-transfer 
parameter  to  increase and further reduces the Reynolds number a t  which transition takes 
place . 

In figure 5(b) the heat-transfer resul ts  for  the adiabatic inlet are presented. They 
are s imi la r  to those of the cooled inlet except that for  a given Reynolds number the cor- 
responding value of St-Pro' '  is higher. The increase in S t -ProS7 is 50 and 25 percent 
f o r  the turbulent and laminarized regimes,  respectively. With the cooled inlet the ther-  
mal  boundary layer begins to grow in the inlet and continues growing in the nozzle. With 
the adiabatic inlet the thermal  boundary layer does not exist  in the inlet and s t a r t s  grow- 
ing a t  the entrance of the nozzle. This means that a t  all locations in the nozzle the ther-  
mal  boundary layer produced using the cooled inlet is thicker than that using the adiabatic 
inlet. Since the thermal  boundary layer ac t s  as an insulator, the heat t ransfer  decreases  
with increasing thickness. 

The effect of acceleration on the heat-transfer resul ts  at the supersonic station 
The best 

Therefore,  the nozzle heat t ransfer  for  t e s t s  with the cooled 
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inlet is less  than the values corresponding to tes ts  with the adiabatic inlet. 

ened three t imes and the resulting heat t ransfer  was measured. One should s t a r t  with 
station 4 (fig. 6),  but since i t s  heat t ransfer  has not been significantly affected by accel-  
eration, the resul ts  at station 8 (fig. 7) a r e  analyzed first. For the f i r s t  level of rough- 

Heat t ransfer  in a roughened nozzle. - The smooth nozzle w a s  successively rough- 

1-4 

Roughness levels 

120 rms (305~10-~  cm rms) 
175 rms (445~10-~  cm rms) 
325 rms (826~10-~  cm rms) 

0 Smooth 
0 
A 
0 

Turbulent correlation 
_ _  Turbulent integral method F 

---\ I 
b 1 1 1 -  

1 2 4 6 8 1 0  2 4 6 8 1 0  20x16 2 0 x l d  1 
lob -T-T7TTr,Tl---l 8 

Reynolds number, ReD, 

(a) Cooled in le t  (bl Adiabatic inlet. 

Figure 6. - Experimental heat transfer for various degrees of roughness at station 4 (subsonic). 

40~10-4 

F 

Roughness levels 

120 rms (305~10-~  cm rms) 
175 rms (445~10-~  cm rms) 
325 rms (826~10-~  cm rms) 

0 Smooth 
0 
A 
0 

Turbulent correlation 
- Turbulent integral method 

Laminar correlation 

\ 
\ 

\ 
\ 

\ 

\ 
\ 

\ 
\ 

\ 
\ 

Reynolds number, Reo, ref 

Figure 7. - Experimental heat transfer for various degrees of roughness at station 8 (subsonic). 

(a) Cooled i n l e t  (b) Adiabatic i n le t  
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ness ,  120 rms  (305X10-6 cm r m s ) ,  the heat-transfer parameter  for  the highest Reynolds 
number is about the same as it was for  the smooth nozzle. However, this t ime as 

decreases ,  the heat t ransfer  increases ,  then goes into transit ion,  and at  re^, ref 6 
- 0.9X10 it increases  again. At the second level of roughness, 175 r m s   re^, ref 6 

(445x10- 
f o r  decreasing Reynolds number. At the highest roughness level, 325 r m s  (826X10-6 cm 
rms) ,  figure 7 shows a n  increase in heat-transfer parameter  and then the beginning of a 
sha rp  decrease.  For  the nozzle heat-transfer resul ts  shown in figure 7(a) the air passed 
through a water-cooled inlet before entering the nozzle. In the heat-transfer resul ts  of 
f igure 7(b) the fluid thermal  history pr ior  to entering the nozzle is established by using 
a n  adiabatic inlet. The effect of operating with the cooled inlet in contrast to the adia- 
batic inlet is to decrease the value of S t -Pr0 '7  at a given Reynolds number by a constant 
percentage. Moving downstream to the throat,  the data in figure 8 show the same trends 

cm rms) ,  the heat-transfer parameter increases  and then takes a sharp  drop 

v 

v 

Roughness levels 

0 Smooth 

0 

120 r m s  (305x10'6 cm rms) 
175 rms  (445xW6 cm rms) 
325 rms ( 8 2 6 ~ 1 0 - ~  cm rms) 

Turbulent  corre la t ion 
- - Turbulent  integral method 

20x10-4 - 

I I l l 1  I 1 I l l  
-4 6 8 10 20 40 a x 1 d  

---- Laminar corre la t ion 

Reynolds number, ReD, ref 

(a) Cooled i n l e t  (b) Adiabatic i n l e t  

Figure 8. - Experimental heat transfer for various degrees of roughness at station 10 (throat). 

as were seen in figure 7. At the highest Reynolds number all the experimental heat- 
t ransfer  parameters  a r e  in the turbulent regime. 

There is a certain amount of e r r o r  in measuring the heat t ransfer  in general, and 
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sandblasting of the nozzle walls may damage the heat meters .  Therefore,  a change in 
heat t ransfer  of about 10 percent or less is inconclusive. At the f i r s t  level of roughness 
the increase in heat t ransfer  is negligible (<lo percent), a t  the second level it increases  
by 17 percent, and a t  the third the increase is 30 percent. 

For the turbulent regime,  according to reference 10, the effects of roughness be- 
come significant when the roughness height is equal to o r  grea te r  than the sublayer 
height. When a u', yf model of the boundary layer profile in which the sublayer t e r -  
minates at yf M 20 is used, es t imates  of the sublayer height can be obtained from the 
following relation : 

Surface 

The approximate value of (Cf/2)rough is found by getting a (Cf/2)smooth from refer- 
ence 12 and then using the approximation 

Inlet 1 

0.7 
(St-Pr )rough 

rough smooth (St-Pr'. 7)smooth 

6 For ReD,ref = 5x10 a t  the throat station, the estimated values of the sublayer 
heights a r e  as follows: 

Adiabatic 

C in. I cm 

Smooth 0.190~10-  0 . 4 8 3 ~ 1 0 - ~  

I 1 2 0  rms (305X10-6 cm rms) 1 1 :i!i 175 rms (445X10-6 cm rms) 

325 rms (826X10-6 cm rms) 

Cooled 

.188 .478 

.184 .467 

The experimental resu l t s  of figure 8 are consistent with the hypothesis of Nikuradse 
(ref. 10). This hypothesis s ta tes  that when the sublayer height is grea te r  than the rough- 
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ness  height heat t ransfer  is not affected, but when it is in the region of o r  less than the 
roughness height heat t ransfer  is affected. We must  remember that Nikuradse's hypoth- 
esis only applies to the turbulent boundary layer.  At the next decreasing Reynolds num- 
ber  the smooth wall heat t ransfer  has gone into transit ion and the heat transfer on the 
rough walls has increased slightly, but the values in relation to each other remain the 
same.  As is decreased fur ther  , the heat-transfer parameter  corresponding 
to  the f i r s t  value of roughness goes into transition. With succeeding reductions in 
Reynolds number,  the heat t ransfer  corresponding to  the second and third values of 
roughness, respectively, go into transition. At the low Reynolds numbers the smooth 
and the 120 r m s  (305X10-6 cm r m s )  wall are in the laminarization regime and their  heat- 
t ransfer  values are the same. In figure 8(b) the heat-transfer resul ts  for  the adiabatic 
inlet are s imi la r  to those of the cooled inlet except that for  a given Reynolds number the 
corresponding value of St-Pro'  
heat t ransfer  is 50 percent whereas an increase of 25 percent was observed in the lam- 
inarized regime. 

is higher. For  the turbulent regime the increase in 

I I  I I I l l 1  I I 1  

20x10-4 r 

I I I I I l l 1  I I I l l  
4 6 8 1 0  20 40 60x16  

Reynolds number, 

Roughness levels 

120 rms ( 3 0 5 ~ 1 0 - ~  cm rms) 
175 rms ( 4 4 5 ~ 1 0 ' ~  cm rms) 
325 rms ( 8 2 6 ~ 1 0 - ~  cm rms) 

0 Smooth 
0 

0 

Turbulent  correlat ion 
- -Turbulent integral method 
---- Laminar correlat ion 

R ~ D ,  ref 
(a) Cooled inlet. (b) Adiabatic inlet. 

Figure 9. - Experimental heat transfer for various degrees of roughness at station 13 (supersonic). 

The heat t ransfer  at the supersonic station (fig. 9) behaves s imilar ly  to that of s ta -  
tions 8 and 10 except that there  are more points in the turbulent heat-transfer regime 
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m 

Station 

2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 

t 

Area ratio, I Pressure ratio, p,/pop 

*IAt Experimental One-dimensional 
~ 

14.663 0.99996 0.99891 
9. 352 ,99907 ,99731 
7.769 .99826 .99610 
6.299 ,99691 .99405 
3.322 ,9811 ,97825 
2.373 .9560 ,95631 
1.341 .a221 ,84342 
1.023 . 5680 ,62815 
1.000 .4681 . 52828 
1.030 ,3383 .41399 
1.090 ,2612 .33605 
1.172 .2222 ,27469 
1.349 . 1765 .19898 
1. 876 . 1103 . 10530 

and less in the laminarization regime. This is due to the decrease in flow acceleration 
rate. 

t ransfer  parameter  is turbulent for  the smooth nozzle one would expect the effects of 
roughness to be s imi la r  to those of the turbulent heat-transfer regions of the other s ta-  
tions, and indeed they are fo r  the three low Reynolds number points. However, at  the 
high Reynolds number points, increased roughness appears  to enhance the heat t ransfer  
drastically. It is possible that in the high Reynolds number region the sublayer height is 
very sma l l  and consequently the roughness height can be grea te r  than the sublayer height. 
In contrast ,  a t  lower values of Re (<5X10 ) the sublayer height can be greater  than the 
roughness height where upon little effect of roughness on heat t ransfer  will be observed. 
Unfortunately, this  cannot be verified because the value fo r  (Cf/2)rough in the sublayer 
approximation cannot be determined f o r  station 4. 

Moving downstream from station 4 the change in heat t ransfer  with increasing axial 
distance is reviewed. At station 8, where the acceleration is a maximum, the heat- 
t ransfer  mode is turbulent at the high Reynolds number and goes through transition to 
laminarization with the rough walls being able to maintain turbulent heat t ransfer  for a 
wider Reynolds number range than the smooth. At station 10, as the flow acceleration 
decreases  there  are fewer points in the laminarization regime. And a t  station 13,  in the 
supersonic region, as figure 9 shows, most of the laminarized values have gone into 
transition and those in transition have gone back to turbulent. 

it had at  station 10. 

Returning to station 4 (fig. 6 )  we find the resul ts  difficult to explain. Since the heat- 

5 

Fluid thermal  history has the same  effects on heat t ransfer  at  the other stations as 

The ratios of s ta t ic  to total p ressure  do not change noticeably with roughness. The 
smal l  differences that do arise (<2 percent) a r e  probably caused by sandblasting damage 
to the s ta t ic  pressure  taps .  The pressure  ratios for all stations of the nozzle are given 
in table I. 
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d Roughness level 
0 Smooth 
0 

0 

Open symbols denote turbulent  

120 rms ( 3 0 5 ~ 1 0 - ~  cm rms) 
175 rms ( 4 4 5 ~ 1 0 - ~  cm rms) 
325 rms  ( 8 2 6 ~ 1 0 - ~  cm rms) 

heat transfer 

(a) Cooled i n l e t  

i 'p 

Half-shaded symbols denote 
transit ional heat transfer 

Shaded symbols denote laminarized 
heat transfer 

112  13 14 15 Station 

I 2 3 4 5  6 7 a 9 10 11 12 13 14 15 Station 

I 0 I ll 
0 .5  1.0 1.5 -2.5 -2.0 -1.5 -LO -.5 

Axial distance from throat, x, in. 
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5 

n Roughness level 
"U 

heat t ransfer  

,15 Station 9 10 11 12 13 14 

I l l  I I I I  I I I I I I I  I I  
(a) Cooled i n l e t  

0 Smootli 
0 
A 
0 
Open symbols denote tu rbu len t  

heat t ransfer  
Half-shaded symbols denote 

t rans i t ional  heat t ransfer  
Shaded symbols denote laminarized 

120 rms  ( 3 0 5 ~ 1 0 - ~  cm rms) 
175 rms  ( 4 4 5 ~ 1 0 - ~  cm rms) 
325 rms  ( 8 2 6 ~ 1 0 ~ ~  cm rms) 

Axial distance from throat, x, in. 

I I I I 
1 2 3 4 

I I 1 I I I ~~ I 
-6 -5 -4  -3 -2 -1 0 

Axial distance from throat, x, cm 

(b) Adiabatic inlet. 

Figure 11 - Experimental heat-transfer d is t r ibut ion for various degrees of roughness. Stagnation pressure, Po = 75 psia ( 5 1 7  N/cmZ). 

Axial  D is t r i bu t i on  of Heat-Transfer Coeff ic ient  

Figures  10 to 12 show the heat-transfer coefficient hi as a function of axial distance 
from the nozzle throat. Some of the experimental values of-heat-transfer coefficient hi 
and wall temperature Tw are shown in tables I1 and 111, respectively. Figure 10 shows 
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. OOlOr Roughness level 
0 Smooth 
0 

0 

120 rms (305~10-~  cm rms) 
175 rms  (445~10-~  cm rms) 
325 rms  (826~10-~  cm rms) 

.0008 

.OO06 

.0004 

m 

m 
c 5 0 r - 
'0 al 

c a, 
0 

m 
B 
t: 

L a, 0 

L 

-0008 

.0006 
.04 

(a) Cooled i n l e t  

3 4 5  6 7 8 9 10 11 1213 14 \ 
0 

-2.5 -2.0 -1.5 -1.0 -. 5 0 .5 1.0 1.5 
Axial distance from throat, x, in. 

I I I 1 I 
2 3 4  

I I I I 1 1  
-6 -5 -4 -3 -2 -1 0 1 

Axial distance from throat, x, cm 

(b) Adiabatic inlet. 

Figure 12 - Experimental heat-transfer d is t r ibut ion for various degrees of roughness. Stagnation pressure, po = 30 psia 
(20.7 Nlcmz). 
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Stagnation pressure, po = 300 psia Stagnation pressure, po = 15 psia Stagnation pressure, po = 30 psia 

Smooth 120 rms  175 rms 325 rms Smooth 120 rms 115 rms 325 rms Smooth 120 rms 115 rms 325 rms 

).265~10-~ 
.325 
,341 
.393 
. 501 
. 527 
.550 
.563 
.531 
.463 
.801 
,445 
.436 
.251 

0.265~10-~ 0.255~10- 
. 325 ,326 
.349 .346 
.385 .389 
.495 .589 
.587 ,988 
1.01 1.61 
,931 1.73 
, 8 2 5  1.62 
1.15 1.49 
1.22 1.38 
1.12 1.26 
1.04 1.12 
.834 .850 

Station Axial Diameter, 
Stagnation pressure, po = 206.9 N/cm2 distance, D, Stagnation pressure, po = 51.7 N/cm2 Stagnation pressure, po = 20. I N/cm2 

Smooth 305X10-6 445X10'6 826~10.~ Smooth 3 0 5 ~ 1 0 - ~  445~10'~ 826X10-6 Smooth 3 0 5 ~ 1 0 - ~  445X10-6 826x10-6 
cm rms c m r m s  cm rms cm rms c m r m s  cm rms  cm rms  cm rms  cm rms 

E 

- 
itatioi Axial Diameter, 

D, 
in. 

iistance, 
X ,  

in. 

2 
3 
4 
5 
6 
I 
8 
9 
10 
11 
12 
13 
14 
15 - 

5.740 
4.584 
4.178 
3.762 
2.732 
2.309 
1.136 
1. 516 
1.499 
1. 521 
1. 565 
1.623 
1.141 
2.053 

). 145x10- 
.181 
,201 
.231 
.301 
.315 
.331 
.299 
.261 
,239 
.241 
.204 
.117 
.120 

I .  1 4 4 ~ 1 0 - ~  
.185 
.zoo 
.223 
.288 
.326 
.331 
.303 
.213 
.237 
.219 
.193 
.162 
.lo9 

. 138~10'~ 

.183 

. 193 

.218 

.288  

.331 

.347 

.344 

.303 

.272 

.352 

.346 

.423 

.241 

1.169XlOi3 
. 186 
.216 
.241 
.350 
.433 
.185 
.a51  
.812 
.196 
,738 
.616 
.563 
.418 

0.715X10' 
1.11 
1.40 
1.80 
2.94 
3.68 
4.35 
4.44 
4.28 
4.01 
3.80 
3.47 
3.26 
2.77 

0.320x10- 
,347 
.411 
,474 
1.07 
1.45 
1.90 
1.90 
1. 86 
1.84 
1.72 
1. 59 
1.30 
1.00 

-2.085 
-1.752 
- 1.635 
-1.515 
-1.206 
- 1.020 
-. 581 
-. 146 
0 
,150 
.217 
.400 
.622 
1.209 

1.13 
2.44 
3.56 
3.79 
3.66 
3.40 
3.48 
3.25 
2.87 
2.38 

3. 70 
4.06 
4.69 
4.76 
4.78 
4.75 
4.88 

3. 15 

(a-21 SI Units 

0.0500 
,0776 
.0979 
.1258 
.2055 
.2572 
,3041 
,3104 
.2992 
.2845 
.26  56 
.2426 
.2279 
,1936 

0.0185 
.0221 
.0243 
,0275 
,0350 
.0368 
.0384 
.0394 
.0315 
.0324 
.0560 
.0311 
.0305 
.0175 

0.0178 
.0228 
,0242 
.0212 
.0412 
.0691 
. 1125 
. 1209 
.1132 
.lo42 
.0965 
,0881 
.Ole3 
.0594 

0.0118 
.0130 
.0151 
.0113 
.0245 
.0303 
,0549 
.0599 
.Of168 
.0556 
.0516 
.0413 
.0394 
.0292 

2 
3 
4 
5 
6 
I 
8 

9 
10 
11 
12 
13 
14 
15 - 

- 5.296 
-4.450 
-4.153 
-3.848 
-3.063 
-2.591 
-1.416 
-. 311 
0 
.381 
,704 
1.016 
1.580 
3.011 - 

0.0498 
,0581 
.Of348 
.0141 
.1209 
.1706 
.2488 
.2649 
.2558 
,2377 
.2433 
.2272 
.ZOO6 
,1664 

0.00965 
.0128 
.0135 
.0152 
.0201 
.0231 
.0243 
.0240 
.0212 
.0190 
.0246 
.0242 
.0296 
.0168 

0.0185 
.0221 
.0244 
.0269 
.0346 
.0410 
.0706 
.0651 
.0577 
,0804 
.0853 
.0783 
,0727 
,0583 

14. 580 
11.643 
10.612 
9.555 
6.939 
5.865 
4.409 
3.851 
3.807 
3.863 
3.915 
4.122 
4.422 
5.215 

0.0505 
.0634 
,074 1 
.0951 
.1915 
.2419 
.2845 
.2936 
.2810 
,2649 
.2558 
.2328 
.2139 
.la17 

0.0641 
. 0881 
.1328 
. 1657 
.2586 
,2838 
.3278 
,3321 
.3341 
.3320 
.3411 
.3229 
,2670 
.2202 

0.0224 
.0243 
.0287 
,0331 
,0248 
.lo11 
.1328 
,1328 
.1300 
.1286 
.1202 
.llll 
.0909 
.0699 

0.0101 
,0127 
.0140 
.0161 
.0210 
.0220 
.0231 
.0209 
.0182 
.0161 
.0113 
.0143 
.0124 
.00839 

0.0101 
.0129 
.0140 
.0156 
.0201 
.0228 
.0236 
,0212 
.0191 
.0166 
.0153 
.0135 
,0113 
.00162 

N 
w 



Diameter, 

in. 
D, 

Stagnation pressure,  po = 300 psia Stagnation pressure,  po = 75 psia 

Nozzle roughness 

Stagnation pressure,  po = 30 psia 

Smooth 120 rms  175 rms  325 rms Smooth 120 r m s  175 rms 325 rms Smooth 120 rms  175 rms 325 rms  

Heat-transfer coefficient based on enthalpy, h, lbm/(in. ')(set) 

Station Axial 
distance, 

X, 
in. 

~~ 

0 . 3 6 6 ~ 1 0 - ~  
,450 
.465 
.518 
.821 

0 . 3 5 8 ~ 1 0 - ~  0.227x10-: 
.456 1 ,259 
.490 ,266 
. 563 , 283  

1.40 . 369 

Kameter, 

D, 
cm 

Stagnation pressure,  po = 206.9 N/cm2 I Stagnation pressure,  po = 51.7 N/cm2 

Nozzle roughness 
1 Stagnation pressure,  po = 20.1 N/cm2 

Smooth 305X10-6 445X10-6 826x10'6 Smooth 305X10-6 445X10-6 826X10-6 Smooth 305X10-6 445X10-6 826X10-6 
cm r m s  cm rms  cm rms cm rms  cm rms cm rms  cm r m s  cm rms cm rms 

0.0691 
.0867 
.0986 

0.0689 
.0986 
. 1286 

TABLE E. - Concluded. EXPERIMENTAL HEAT-TRANSFER COEFFICIENTS 

(b) Adiabatic inlet 

(b-1) U.S. Customary Units 

' 2  
3 
4 
5 
6 
7 
8 
9 

10 
11 

12 
13 
14 
15 

-2.085 
-1.752 
-1.635 
-1.515 
-1.206 
-1.020 
-. 581 
-. 146 
0 
. 150 
.277 
,400 
, 6 2 2  

1.209 

5.740 
4.584 
4.178 
3.762 
2.732 
2.309 
1.736 
1. 516 
1.499 
1. 521 
1. 565 
1.623 
1.741 
2.053 

1.03xlO" 
1.12 
1. 18 
1. 30 
2 . 2 5  
3.35 
5.67 
6. 30 
6.15 
5. 37 
5. 16 
4.83 
4.08 

0.213X10" 
.258 
,270 
.290 
.381 
.409 
.425 
.376 
.349 
.297 
.281 
.244 
.192 
.138 

0 . 2 0 2 ~ 1 0 - ~  
.265  
.269 
.302 
.398 
.4 16 
.436 
.416 
.385 
.334 
.435 
,444 
.497 
.223 

D. 2 0 4 ~ 1 0 - ~  
.251 
.264 
.296 
.432 
.564 

1.10 
1.11 

1.09 
1.01 

,906 
.E15 
.689 
,510 

0.988x10- 
1.24 
1. 41 
1.79 
4.12 
5.38 
6.77 
6. 76 
6.48 
5. 6 8  
5.60 
5.08 
4.29 

0.985XlO-' 
1 .41 
1.84 
2. 57 
4. 51 
5.90 
7.25 
7.39 
7.03 
6.24 
6.01 
5. 61 
4.92 

2.98 .486 .490 
5. 03 ,617 
6.47 .673 
8.27 .719 
7.89 ,674 1.27 
7.72 . I 5 8  1.15 
6. 89 . 576 1. 53 
6. 55 . 526 1.66 
6.07 . 506 1. 50 
5.44 .396 1.33 

3.06 3.25 3.90 4.45 ,298 1.04 

(b-2) SI Units 

Station r Axtal 
listance, 

X. 
cm 

2 
3 
4 
5 
6 
7 
8 
5 

10 
11 
12 
13 
14 
15 

-5.296 
-4.450 
-4.153 
-3.848 
-3.063 
- 2 .  591 
-1.476 
-. 371 
0 

.381 

. I 0 4  
1.016 
1.580 
3.071 

14. 580 1 0.0720 
11.643 ,0783 
10.612 .OB25 
9.555 .0909 
6.939 .1573 
5.865 ,2342 
4.409 .3963 
3.851 ,4404 
3.807 .4299 
3.863 ,3754 
3.975 .3607 
4.122 .3376 
4.422 ,2852 
5.215 .2139 

0.0734 
,1279 
,1741 
.2083 
,3516 
,4523 
.5781 
. 5515 
.5396 
,4816 
.4578 
.4243 
.3803 
,3111 

0.0291 
.0314 
.0322 
.0340 
,0431 
,0470 
.0503 
,0471 
,0530 
,0403 
.0368 
.0354 
,0277 
,0208 

0.0141 
.0185 
.0188 
.0211 
.0278 
.0291 
.0305 
.0291 
.0269 
.0233 
.0304 
,0310 
.0347 
.0156 

0.0265 
.0310 
.0322 
.0343 
.0450 
.0531 
,0951 
,0888 
,0804 
. l o69  
,1160 
,1048 
.0930 
.0721 

0.0250 
,0319 
,0343 
.0394 
.0979 
.1440 
.1964 
. l e87  
,1817 
.1622 
. I468  
,1356 
.1146 
.0888 

0.0159 
. o m 1  
,0186 
.0198 
.0258 
.0279 
,0296 
.0261 
.0238 
,0208 
.0332 
,0168 
.0140 
,00909 

0.0256 
.0315 
,0325 
.0362 
.0574 
.0909 
.1601 
,1727 
.1601 
,1426 
.1321 
.1230 
,1028 
,0755 

0.0149 
.o leo  
. o l e 9  
.0203 
.0266 
.0286 
.0297 
,0263 
.0244 
.0208 
.0196 
.0171 
.0134 
.00965 

0.0143 
.0175 
.0185 
.0207 
.0302 
.0394 
.0769 
.0116 
.0762 
.0706 
.0633 
.0570 
.0482 
.0356 

. 0 



Stagnation pressure, po = 300 psia Stagnation pressure, po = 1 5  psia Stagnation pressure, po = 30 psia 

Smooth 120 r m s  175 rms  325 r m s  Smooth 120 rms  115 r m s  325 rms Smooth 120 rms 175 rms 325 rms  

691. I 
682.6 
612.8 
655.1 
627.8 

164.4 
155.8 
735.3 
704.8 

Station Axial Diameter, Stagnation pressure,  po = 206.9 N/cm2 Stagnation pressure,  po = 51. I N/cm2 Stagnation pressure, po = 20. I N/cm2 

cm Smooth 305x10-6 445x10-6 8 2 6 ~ 1 0 - ~  Smooth 3 0 5 ~ 1 0 - ~  445x10-6 
cm rnis cm rnis cm r m s  cm rms cm rms  

826x10-6 Smooth 305x10-6 44~5x10-~ 826x10-6 
cm rms cm rms cm rms cm rms  

TABLE UI. - Concluded. EXPERIMENTAL WALL TEMPERATURES 

(b) Adiabatic inlet 

(b- l l  U.S. Customarv Units 

Station Axial Diameter, 
distance, D, 

X, in. 
in. 

Wall temperature, T,, OR 

689.1 711.1 718.3 634.0 598.3 611.9 620. 1 594.1 560.2 
- 

2 
3 
4 

13 

15 

-2.085 
-1.152 
-1.635 
-1. 515 
-1.206 
-1.020 
-. 581 
-. 146 
0 

,150 
.211 
.400 
.622 

1.209 - 

581.1 
591.7 
592.5 
598.5 
619.1 
625.1 
628. I 
619.3 
614.1 
605.5 
619.4 
621.6 
624.9 
574.6 

5.140 
4.584 
4.178 
3.162 
2.132 
2.309 
1.136 
1. 516 
1.499 
1.521 
1.565 
1.623 
1.141 
2.053 

118.1 
719. I 
126.1 
735.2 
792.2 
833.9 
872.2 
811.4 
865.3 
852.9 
842.8 
834.2 
817.6 
192.1 

144. 5 
771.0 
802.4 
858. I 
819.3 
890.5 
881.6 
875.4 
863.6 
853.6 
847. 5 
832.0 
806.6 

170.5 
800.4 
818.4 
866.6 
885.3 
896.6 
884.7 
819.5 
868.1 
857.2 
851.2 
838.6 
816.4 

596.8 
599.5 
602.8 
618.1 
621.5 
629.9 
617.9 
610.4 
603. I 
611.4 
589.8 
580.6 
564.5 

~ 

568.9 
570.8 
575.8 
595.0 
601. I 
603.8 
591.3 
585.2 
575.4 
568.5 
561.3 
547.1 
530.3 

633.3 601.1 
636. 5 609.5 
640.2 615.8 
659.1 642.4 
671.1 660.2 
675.3 719.7 

(b-2) SI Units 

630.4 
632.1 
639.4 
686.2 
135.7 
793.4 
192.2 
183.5 
170.5 
155.4 
141.4 
123. I 
688.3 

110.5 
723.4 
151.3 
839.4 
863.6 
816.3 
861.6 
861.3 
841.7 
838.2 
829.3 
811.0 
781.8 

-5.296 
-4.450 
-4.153 
-3.848 
-3.063 
-2. 591 
-1.416 
-. 311 
0 

.381 

. I04  
1.016 
1.580 
3.011 - 

399.1 
428.1 
444. I 
454. I 
481.4 
491.8 
498.1 
491.5 
488.6 
482.3 
416.2 
412.9 
465.9 
453.6 

352.2 
351.8 
353.6 
355.7 
366. 5 
312.8 
315.2 
369.8 
374. 5 
362.4 
355.8 
353.7 
343.2 
332.5 

322.8 
328.7 
329.2 
332. 5 
343.9 
341.3 
349.3 
344.1 
341.2 
336.4 
344.1 
345.3 
341.2 
319.2 

326.2 
330.6 
332.1 
335.8 
350.7 
363.4 
396.6 
394.9 
392.3 
381.6 
379.2 
313.8 
363.9 
348.8 

311.2 
316.1 
311.1 
319.9 
330.6 
334.3 
335.4 
328.5 
325.1 
319.7 
315.8 
311.8 
303.9 
294.6 

344. 5 330.4 
352.4 331.6 
354.9 333.1 
361.6 334.9 
412.1 343.1 
435.4 348.6 
451. 1 349.9 
444.6 343.3 
441.1 339.1 
433.9 335.4 

332.4 
331.6 
338.6 
342.1 
356.9 
366.8 
399.8 
393.5 
385.9 
402.6 
403.1 
391.2 
381.4 
369.4 

343.3 
350.2 
351.2 
355.2 
381.2 
408. I 
440.8 
440.1 
435.3 
428.1 
419. I 
415.2 
402.1 
382.4 

398.9 382.8 
399.8 394.7 
403.4 401.9 
408.4 411.4 
440.1 466.3 
463.3 419.8 
484.6 486.8 
484.1 482.0 
480.7 418.5 
413.8 410.9 
468.2 465.1 

395.1 
413.6 
428.3 
445.8 
477.1 
488.5 
494. I 
489.8 
486.3 
419.8 
414.2 
410.8 
462.2 
448.1 

14.580 
11.643 
10.612 
9.555 
6.939 
5.865 
4.409 
3.851 
3.801 
3.863 
3.975 
4.122 
4.422 
5.215 

2 
3 
4 
5 

13 
14 



TABLE Ill. - EXPERMENTAL WALL TEMPERATURES 

[Stagnation temperature, T ~ ,  9 7 0 ~  R (539 K). 1 

(a) Cooled inlet 

(a- 1) U. S. Customarv Units 

Station Axial Diameter, 
distance, I D, I I x, in. 

Stagnation pressure,  po = 300 psia Stagnation pressure,  po = 75 psia 

Nozzle roughness 

Stagnation pressure,  po = 30 psia 

2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 

Smooth 120 r m s  175 r m s  325 rms Smooth 120 rms  in. 

-2.085 
-1. 752 
-1.635 
-1.515 
-1.206 
-1.020 
-. 581 
-. 146 
0 
. 150 
,277 
,400 
,622 

1.209 , 

175 rms 325 r m s  Smooth 120 rms  175 r m s  325 rms 

5.740 699.8 680.2 
4. 584 713.4 704.2 

719.0 
745.0 
790.6 
806.6 
846.9 
855.9 
865.2 
856.2 
853.6 
853.6 
843.9 
836.1 
817.6 
797.9 

691.9 
732.6 

Wall temperature ,  T,,,, OR 

590. 5 
601.3 

616. 5 
627.2 
630.7 
637.6 
656.2 
664.4 
667.6 
663.9 
665.5 
654. 1 
690.1 
645.7 
635.8 
600.8 

603. 5 
616.4 

555.3 
564.1 
566.0 
571. 5 
590. 8 

623.9 
627.5 
639.3 
649.2 
723. 5 
754. 1 
781.0 
774.0 
771.2 
766.0 
753.0 
743.5 
720.0 
694.2 

570. 1 
579.5 
581.0 
586.3 
606.4 

584.2 
593.1 
596.0 
602.3 
617.9 
625.4 
627.1 
615.4 
611.4 
605.6 
603.4 
596.1 
585.7 
569.6 

Station Axial Diameter, Stagnation pressure,  po = 206.9 S /cm2  I Stagnation pressure,  po = 51.7 S /cm2  1 Stagnation pressure,  po = 20.7 N/cm2 
distance, D, 

X, cm Nozzle roughness 

586.9 
590.8 
596.0 
602.4 
625. 5 
638.9 
688.2 
692.2 
689.1 
684. 1 
673.2 
664.6 
645.4 
623.1 

cm Smooth I 3 0 5 ? ~ 1 0 - ~  445X10-6 I 826x10-6 Smooth 305X10-6 445x10-6 I 826x10-6 Smooth 3 0 5 ~ 1 0 ~ ~  4 4 5 ~ 1 0 - ~  8 2 6 ~ 1 0 - ~  

2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 

I I I cm r m s  

- 5.296 
-4.450 
-4 .  153 
-3.848 
-3.063 
-2.591 
- 1.476 
-. 371 
0 

,381 
,704 

1.016 
1. 580 
3.071 

cm r m s  I cm rms cm r m s  cm rms  1 cm r m s  cm rms cm rms cm r m s  
1 

14.580 
11.643 
10.612 
9. 555 
6.939 
5. 865 
4.409 
3.851 
3.807 
3.863 
3.975 
4.122 
4.422 
5.215 

328. 1 
334.1 
334.9 
339.1 

388.8 
396.3 
400.3 
406.3 
434.1 
454.2 
471.1 
469.6 
467.7 
461.1 
457.9 
453.9 
445.1 
431.8 

335.3 
342.4 
343.4 
347.5 

391.2 
397.1 
410.9 
454.3 
464.6 
472.2 
468.8 
466.4 
459.9 
455.2 
450. 5 
441.6 
430.7 

384.4 
407.0 
417.3 
431. 5 
459.9 
468.6 
475.9 
473.0 
470.4 
464. 1 
458.5 
454.6 
446.4 
436.4 

399.4 
413.9 
439.2 
448.1 
470.5 
475. 5 
480.7 
475.7 
474.2 
474.2 
468.8 
464.5 
454.2 
443.3 

342.5 
348.4 
350.4 
354.2 
364.6 
369.1 
370.9 
368.8 
369.7 
363.4 
383.4 
358.7 
353.2 
333.8 

Wall temperature, Tw, K 

346.6 
348.6 
355.2 
360.7 
401.9 
418.9 
433.9 
430.0 
428.4 
425.6 
418.3 
413.1 
400.0 
385.7 

348.4 333.0 
341.9 327.2 
339.7 324.0 
336.4 318.9 
335.2 316.7 
331.2 313.4 
325.4 305.8 
316.4 298.2 

316. I 
321.9 
322.8 
325.7 
336.9 
339.2 
342.3 
340.2 
335.8 
337.1 
339.6 
340.3 
342. I 
325.0 

326.1 
328.2 
331.1 
334.7 
347. 5 
354.9 
382.3 
384.6 
382.8 
380.1 
374.0 
369.2 
358.6 
346.2 



the heat-transfer coefficient fo r  all values of roughness at a stagnation pressure  po of 
300 psia (206.9 N/cm2). The heat-transfer coefficient reaches a maximum in the vicinity 
of the throat and then decreases  as the flow goes supersonic.  The large differences in 
heat t ransfer  between the smooth and the 120 r m s  (305X10-6 cm rms)  wall a t  stations 6 
and 7 occur because the smooth values are in transition while the 120 r m s  (305X10-6 cm 
rms)  values are in the turbulent heat-transfer region. Fo r  a stagnation pressure ,  
po = 75 psia (51.7 N/cm ), figure 11 shows that the heat t ransfer  for  the smooth wall is 
much less than that fo r  the 175 and 325 r m s  (445X10-6 and 826X10-6 cm rms)  walls. The 
heat t ransfer  of the smooth wall is in the laminarization o r  lower transition regime while 
the heat t ransfer  for  the two rough walls are turbulent. The heat t ransfer  at the 120 r m s  
(305X10-6 cm rms)  wall poses a very interesting situation because it reaches a maximum 
downstream of the throat.  The heat t ransfer  remains laminarized up to  1 inch (2.54 cm) 
upstream of the throat af ter  which it goes into transition. It reaches a local maximum, 
then decreases ,  and just downstream of the throat makes a sudden jump into the turbulent 
regime to a peak value. This same phenomenon was  observed in reference 4 where the 
investigator used a smooth nozzle wall and varied the total  stagnation pressure .  In both 
cases  the sha rp  increase in heat t ransfer  occurred where the nozzle exit cone meets  the 
throat radius of curvature,  and this change in geometry causes a slight adverse pressure  
gradient. If the heat t ransfer  is originally in the transition region, the adverse gradient 
elevates it into the turbulent region. Figure 12 shows a s imi la r  phenomenon for  a stagna- 
tion pressure  of 30 psia (20.7 N/cm ). Here,  however, the heat t ransfer  a t  the 120 r m s  
(305X10-6 cm rms)  wall remains laminarized while the 175 r m s  (445X10-6 cm rms)  wall 
experiences the heat-transfer elevation. 

2 

. 
I 

2 

Dif ferences Between Present  Exper iment and Pipe Flow Studies 

Unfortunately a direct  comparison of the heat-transfer resul ts  of this  report  with 
those for rough pipes ( refs .  7 to 9) cannot be made because of certain differences in the 
experiments. 
ber  range over which the experiments were conducted. 

pipes. The ratio of roughness height to nozzle diameter can be expressed as the rough- 
ness  ra t io  e/D. For  the largest  value of nozzle roughness, 325 r m s  (826X10-6 cm rms) ,  
e/D = 0.00022 for a maximum value a t  the throat and e/D = 0.00006 fo r  a minimum value 
a t  the nozzle entrance. F o r  the lower values of nozzle roughness these rat ios  are pro- 
portionately smal le r .  The lowest of the roughness ra t ios  used fo r  pipes is found in ref- 
erence 8 and is e/D = 0.00156, higher by a factor of 8 from the largest  nozzle roughness 
r a t  io. 

These differences encompass both the roughness height and Reynolds num- 

The roughness heights used in the nozzle are much smal le r  than those used in the 
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5 6 The Reynolds number for  the nozzles ranged from about 6x10 to 5x10 . However, 
in the pipe flow experiments of references 7 to 9, the maximum Reynolds number was 
only about 6x10 . Although these large differences in Reynolds numbers coupled with 
the differences in roughness height preclude a comparison of nozzle and pipe flow resul ts ,  
the current study suggests that the assumption of Nikuradse (ref. lo) ,  might be appli- 
cable to nozzle flows. This assumption is that the turbulent heat t ransfer  is unaffected 
by roughness when the sublayer height is grea te r  than the roughness height. 

4 

SUMMARY OF RES ULTS 

An experimental investigation has been performed to  study the effects of various 
degrees of surface roughness on heat t ransfer  in a converging-diverging nozzle. A sum- 
mary of the resul ts  for a roughness range from smooth to  325 r m s  (826X10-6 cm rms)  
a r e  as follows: 

1. Roughness causes transition from laminarized flow to take place a t  a lower 
Reynolds number than that for  a smooth wall. 

2 .  In the laminarization regime, heat t ransfer  is unaffected by roughness. 
3.  In the turbulent regime, the heat t ransfer  is not noticeably affected until the 

roughness height is in the region of or  greater  than the approximated sublayer height. 
4. Thermal history of the fluid before it enters  the nozzle affects the heat t ransfer .  

An.adiabatic inlet causes higher heat t ransfer  than a cooled inlet for  all values of rough- 
ness .  

5. The pressure distribution is not noticeably affected by roughness. 

Lewis Research Center,  
National Aeronautics and Space Administration, 

Cleveland, Ohio, April 23, 1970, 
129-01. 
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